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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.
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DRAGDUETOLIFT FORNON-PLANARWINGSUPTOHIGH ANGLESOF ATTACK
AT SUBSONIC SPEEDS

1 NOTATION AND UNITS
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S British

A aspect ratio of grosswing
AN aspect ratio of net wing
a, theoretical gross wing lift-curve slope, based on S, rad! rad!
CH effective wing lift-curve slope, based on S, radt rad
ar theoretical lift-curve slope of net wing, based on S rad* rad
Cag body axial force coefficient, based on Sw
Caro body axial force coefficient when body longitudinal axisis at zero

angle of attack, based on §,
Cawv wing viscous axial force coefficient, based on Sw
Cp drag coefficient, based on S,
CDaug contribution to C, from lift augmentation
Cog body drag coefficient, based on S,
Coe cqntribution to C from pressure distribution over cambered

wing
Chlev contribution to Cp, from leading-edge vortex
Copmin minimum profile drag coefficient
Cbsev contribution to C, from side-edge vortex
ACpyy mini.mum value of Cp, for trailing-vortex drag polar, see

Sections 3.3.1and 7.3.9
ACpyisc contribution to C, from lift-dependent viscous drag
Cow wing drag coefficient, based on S,
CL lift coefficient, based on Sw
Claug contributionto C, from lift augmentation
Cs body lift coefficient, based on Sw
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Cc contribution to C, due to camber neglecting viscous and suction
forces
Cliev contribution to C, due to leading-edge vortices
Ct contribution to C, due to twist neglecting viscous and suction
forces
AC| 4, valueof C, for minimum value of C for trailing-vortex drag
polar, see Sections 3.3.1and 7.3.9
CLw wing lift coefficient, based on Sw
Clmin wing lift coefficient for minimum viscous drag coefficient, see
Section 3.3 and Appendix B
g Cng normal force coefficient of body, based on Sw
'3; ACNB contribution to Cyg tO alow for boat-tail, based on S
©
5 CnBC cross-flow normal force coefficient of forebody-cylinder,
(S
» based on Sp
=
g CNBo normal-force-curve slope of forebody-cylinder, based on S; radt radt
§ Cp”m limiting pressure coefficient used in analysisof ¢ asdescribed in
§ Section 3.2 of Item No. 95025 (Derivation 10)
E AC, local static pressure coefficient increment across thin cambered
_ surface
o
g:a ACpl part of ACp dueto flat plate angle of attack loading
©
S .
% (ACpl)VL value of ACpl over vortex lattice cell
% Asz part of ACp due to camber only
O
AC valueof AC_, over vortex lattice cell
é (ACp2)y, p2
= Cs theoretical leading-edge suction coefficient for thin planar wing
acting normal to leading edge in plane of wing, based on S,
Cq theoretical side-edge suction force coefficient for thin planar wing
acting normal to tip chord in plane of wing, based on S,
C chord m ft
Cac local axial force coefficient due to pressure distribution on
cambered section
Caev local axial force coefficient due to leading-edge vortex,
based on c
C theoretical local lift coefficient, based on ¢
Colev local normal force coefficient due to leading-edge vortex, based
onc
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local theoretical thin-wing suction force coefficient normal to
leading edge, based on ¢

geometric mean chord of wing

body maximum diameter

body base diameter

limiting pressure factor, —pr”m, used in the evaluation of ¢, see
Figure 4 and Appendix A

factor used in evaluation of Cq, see Figure 2

factor limiting amount of |eading-edge vortex lift that can be
realised, see Section 3.4, Figure 1 and Appendix C

lift-dependent viscous drag factor, see Section 3.3
and Appendix B

factor applied to limiting pressure coefficient to reduce maximum
possible attainable suction, see Sections 3.1.1, 5.2 and 7.3.6

factor applied to a; and a, 4 to allow empirical modification,
see Sections 3.3.2.1and 7.3.7

factor applied to weaken or remove leading-edge vortex lift and
drag contributions, see Sections 3.4.1 and 7.3.8

factor applied to weaken or remove side-edge vortex lift and drag
contributions, see Sections 3.4.1 and 7.3.8

constantsin modelling of AC ACp2

pl-
boat-tail length

characteristic length in evaluation of lift augmentation,
streamwise distance from leading-edge tip to trailing-edge apex,
Equation (3.18)

free-stream Mach number
parameter in Equation (4.3)
Reynolds number based on ¢

local chordwise distance of centroid of |eading-edge vortex force
aft of leading-edge, see Sketch 3.4 and Appendix A

leading-edge radius index, Equation (A3.16)
body maximum cross-section area
body planform area (neglecting reduction in area due to boat-tail)

planform area of net wing, see Sketch 1.1b

This page Amendment E
3

Licensee=/, User=,

No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 96025 F 2010

ft

ft
ft

ft

ft

ft

ft2
ft2

ft2

Documents

Document Sharing Hub


http://www.avadocuments.com/doc/esdu-96025-f-2010
http://www.avadocuments.com/doc/esdu-96025-f-2010

ESDU Copyright material. For current status contact ESDU.

ESDU 96025

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU
No reproduction or networking permitted without license from IHS Not for Resale,

planform area of grosswing, see Sketch 1.1b

semi-span of grosswing
streamwi se-section maximum thickness
angle of attack of datum axis, see Sketch 1.1a

angle between longitudinal body axis and datum axis, shown
negative in Sketch 1.1a

local correctionto o in evaluation of leading-edge suction for
non-planar wing, see Section 3.1 and Sketch 3.6a

effective angle of attack for evaluation of F, /g
local angle of attack, a. + £ onwingand o + ag on body

angles of attack that define range of o for no loss of leading-edge
suction, see Section 31 and Sketch 3.3, otherwise both take value
of a for maximum o

angle of attack for minimum viscous drag coefficient

angle of attack of datum axisfor zero wing lift when suction and
vortex terms are neglected, shown negative in Sketch 1.1,
Equation (3.11)

1
compressibility parameter, (1 — M2) ’

section twist angle with respect to datum axis, positive leading
edge up, see Sketch 1.1a

value of ¢ at wingtip

angle between chord line and tangent to camber line at section
leading edge, positive leading-edge down, see Sketch 3.2

camber ordinate as fraction of chord

angle between normal to section chord line and normal to section
surface at chordwise location r, positive for forward rotation, see
Sketch 3.5; defined for upper surfaceif o > (agy + ag,)/2 or
lower surfaceif o < (o + agy)/2

spanwise distance from centre-line as fraction of semi-span

spanwise distance from centre-line to body side as fraction of
semi-span, D/2s

leading-edge sweep
transformed | eading-edge sweep, tan™ (B‘l tanAg)

taper ratio of gross wing, ratio of tip chord to centre-line chord

taper ratio of net wing, ratio of tip chord to root chord
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Ag
Em

Subscripts
C

n

ESDU Copyright material. For current status contact ESDU.

chordwise distance aft from leading edge as fraction of chord
chord of vortex lattice cell

chordwise position of maximum thickness of streamwise-section
as fraction of chord

streamwi se-section leading-edge radius
local leading-edge suction factor

mean |eading-edge suction factor, see Equation (3.1)

asin ()¢ denotesloading due to camber
denotes normal -section values
asin ()7 denotesloading due to twist

asin (), denotesincidence load grading
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free-stream

a) Thedatum axisis any convenient axis used for the definition of angle of attack

Gross wing planform
Af ACDFHI
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b) Definition of net wing
Sketch 1.1
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2. INTRODUCTION

This Item describes a method for the prediction of the drag dueto lift for swept wings of straight taper with
camber and twist, alone or in combination with a body under conditions that tend to induce leading-edge
flow separation and aloss of leading-edge suction at low to moderate values of lift coefficient. It isapplied
towingswith mild cranksthrough theuse of an‘equivaent’ straight-tapered wing, ageometric construction
that is described in Addendum A of Item No. 76003 (Derivation 3). The angle of attack range includes the
regime where there may be afull or partial loss of |eading-edge suction and the formation of leading-edge
vortex flow, but widespread flow separation over the main part of the wing is not addressed. The method
appliesfor subsonic flow and when the boundary-layer over the whole wing isfully turbulent. The method
is unsuited to hand cal culations and has been programmed as ESDUpac A9625, which operates as a batch
file that runsa number of other programs automatically, writing their inputs and reading their outputs to
produce afinal output file from one input file.

Item No. 95025 (Derivation 10) developed a method for the prediction of drag due to lift for planar wings.
The method invokes the concept of attainable |eading-edge suction to cater for the effects of wing section
geometry (Derivations 17 and 18). For wings of low aspect ratio the lift associated with the leading-edge
vortex is estimated by extended forms of the Polhamus analogy (Derivations 13, 15 and 16).

Derivations 20 to 22 and the recapitul ation in Reference 43 show that the calculation of attainable suction
for non-planar wings may be made by using the same equations that apply to planar wings provided that a
reliable estimate can be made of the theoretical leading-edge suction distribution. They demonstrate that
this can be done by using the theoretical distribution for a planar wing of identical planform in conjunction
with acorrected local angle of attack. They also show that it is necessary in the calculation of vortex lift to
alow for the migration of the leading-edge vortex as it travels back over the wing. It is not sufficient to
assume that all the vortex lift acts at the leading edge, and the local surface slope is of consequence as it
determinesthedirection of theforce. The method of thisItem incorporates both these concepts. Thedetailed
calculation of the corrected angle of attack follows the techniquein Derivations 20 to 22 and Reference 43.
The prediction of the aft migration rate of the leading-edge vortex is based on the work of Derivation 19,
the simplest of the published options available. As incidence increases the loss of lift due to the vortex
passing over the wing trailing edge or of vortex breakdown occurring ahead of the wing trailing edge is
modified through a single factor developed from a correlation presented in Reference 41.

In Derivation 24 the method for estimating attainable suction was improved over the earlier versionsin
Derivations 17, 18 and 21. A final modification was reported in Reference 43. The programmed method
takes account of all these changes. Full details of the development of the method are not given because the
basic philosophy of the technique remains as summarised in Section 3.2 of Item No. 95025. Moreover,
Derivation 24 provides acomprehensive description of the development of the whole method for attainable
suction and does not ssimply confine itself to the improvements made. It is therefore an ideal reference for
users who wish to know more of the intricacies involved.

ESDU Copyright material. For current status contact ESDU.

The overall model for awing is detailed in Section 3. Section 4 indicates a simple extension to include
wing-body configurations. Section 5 discusses accuracy and applicability. Section 6 lists the Derivation
and References and Section 7 describes the input and output for the programmed version of the method,
with examples. In the input file (see Section 7.3), after the free-stream conditions and configuration
geometry have been specified, some entries allow the user to alter anumber of the program default settings
and so examinetheinfluence of certain parametersor calibrate prediction against known experimental data.

Appendix A sets out the formulae for the calculation of leading-edge suction. Appendix B discusses the
estimation of lift-dependent viscous drag, which forms a secondary component of the overall drag polar.
Appendix C addresses |eading-edge vortex migration and breakdown.
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3. METHOD

Section 3.1 introduces the topics of suction force and the factors that model the degree to which the
theoretical value is attained. Section 3.2 addresses the location of |eading-edge vortex force. These topics
are necessary forerunnersto Sections 3.3 and 3.4 that discuss the wing drag and lift coefficients.

31 L eading-edge Suction ¢, and Factors ¢ and c

Because of |eading-edge separation, a wing may not develop in full the maximum possible leading-edge
suction at all sections. Thisbehaviour ismodelled by applying an empirical factor o to thetheoretical value
Cg so that the attained local suctionis oc;.

Appendix A shows how the suction factor may be obtained for any streamwise section on a planar wing
from a knowledge of the leading-edge radius to chord ratio, p/c, the thickness to chord ratio, t/c, the
dimensionless position of maximum thickness, Ems the Mach number, M, and Reynolds number, R, and
the theoretical value of local leading-edge suction coefficient, c..

Thevalue of ¢ for aplanar wing can be obtained from Item No. 94037 (Derivation 7) or the programin
Item No. 94038 (Derivation 8). For anon-planar wing it is shown in Derivation 20 that the value of ¢, can
be approximated by factoring t;e valuefor asection on a planar wing of the same planform at an incidence
of one degree by (o — a.,, )", where the correction angle, o, , varies spanwise but is independent of
a . In Derivation 20 the incidence at which the leading-edge singularity in a linearised lifting-surface
solution disappears, and ¢, = 0, is used to define o, . For this Item, o, isobtained by running the
vortex-lattice model described in Derivation 14 for the non-planar and planar cases and separating the
loadings due to incidence and camber, see Section 3.3 and Sketch 3.6a. Sketch 3.1aillustrates o, fora
non-planar, aspect ratio 4, deltawing (see Sketch 5.2 for the camber and twist) and those values of o,

apply at all o . Sketch 3.1b compares the normalised theoretical suction distributions for the cambered and
twisted wing and a plane wing of the same planform at o = 5°. Note that the vortex lattice model is used
only to obtain a..,, ; the theoretical suction distribution for the planar wing that is to be factored is taken
from Item No. 94038 to avoid any irregularities in the vortex lattice solutions (see Appendix A of Item
No. 94037 for a discussion on the development of the database of Item No. 94038).

The programmed version of the method performs all the necessary theoretical suction calculations and
those for the determination of o, , running the vortex lattice program of Derivation 14 and the program
of Item No. 94038 automatically.

ESDU Copyright material. For current status contact ESDU.

®eorr(deg)

N W b

Sketch 3.1a Distribution of o (independent of o)

corr
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20
T N e I plain wing
c.c wing with
= 1.0 camber and
CsC twist
0.5 A=4, ddtawing at . = 5°
0

0 0.2 04 0.6 0.8 10
n

Sketch 3.1b Normalised leading-edge suction distributions for non-planar wing (full suction)

Because the leading-edge suction is predominantly determined by the geometry in the vicinity of the
leading-edge, for a cambered section the factor o is obtained simply by substituting into the equations of
Appendix A the cambered-section values of p/c, t/c and &, and the value of c for the non-planar wing.
At each section the attained force coefficient oc cosA ) actsin the direction of the tangent to the camber
line close to its leading-edge, at the centre of the leading-edge radius say. These procedures are suggested
in Derivations 17 and 20. The local angle ¢, defines the leading-edge orientation, see Sketch 3.2.

ESDU Copyright material. For current status contact ESDU.

Sketch 3.2 Definition of ¢ and €g

While some components of lift and drag rely on a spanwise integration of locally-attained forces, others
are based on overall wing properties for which the mean suction factor, o, isappropriate. Thisis given by

- 1 1
c = I cc.cdn .[ c,cdn (3.1
0 0

where c takes local values appropriate to the non-planar wing.

A knowledgeof therangeof o over whichthereisfull suction(c = 1) isalsorequiredinsomeapplications.
The angles Ogq and Ogp, SEE Sketch 3.3, are the limits !vhich define that range. The identification of Ogp
and o, requires the extrapolations of the variation of ¢ with o from either side of each limit.
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Oy )
1 * r \
|
c
0 o

Sketch 3.3 Variation of o with o

For some extreme combinations of camber and twist it may be possible for ¢ to remain below unity at all
times, inwhich case oy and a.,, areboth equated to the angle of attack at which o reachesits maximum
value.

The programmed version of the method makes an initial internal run to find the values of oy, and a.,
before beginning the main calculation.

3.1.1 Modification of attainable suction

Provision is made in the programmed version of the method for the user to set avalue for afactor K | via
theinput file, see Section 7.3.6. Thisfactor isunity in the correlation of Derivation 24, and alower positive
value will reduce the maximum possibl e attainable suction at agiven angle of attack and narrow the plateau
of full suction shown in Sketch 3.3. Section 5.2 discusses the effect of using avalue of K _ below unity in
the final paragraph on page 23.

32 L ocation of L eading-edge Vortex Force

For highly-swept wings, where the theoretical |eading-edge suction is not fully attained and aleading-edge
vortex isformed, the Polhamus analogy (Derivation 11) postulates the appearance of a vortex force equal
in magnitude to the unattained suction which acts normal to the wing surface. The location of the centroid
of thisforce isimmaterial for a planar wing, provided it is ahead of the trailing edge, but of conseguence
for a cambered wing because the line of action of the force will be determined by the shape of the local
surface.

ESDU Copyright material. For current status contact ESDU.

With increase of incidence the leading-edge vortex on a swept wing is known to migrate aft so that the
associated force acts behind the leading-edge. The simplest form for the location of the centroid of the
vortex forceis that proposed in Derivation 19, where semi-empirical considerations based on momentum
conservation give the local chordwise distance aft of the leading-edge as

r = c.c (3.2

for a sharp-edged section with full loss of leading-edge suction, see Sketch 3.4a.
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As an example, Sketch 3.4b shows the locus of the centroid of vortex force for a sharp-edged delta wing
of low aspect ratio at an incidence of 12°.

For general application within the method of this Item it is assumed that for sections where thereisonly a
partial loss of suction.

r = (1-o)cgc. (3.3

Alternative ways of locating the vortex normal force are given in Derivation 22, where the technique of
Derivation 19 is one of the options offered. See also Appendix C.

.

Location of
vortex force
\ centroid
ns
s -
=
a) Local chordwise distance, r b) Path of vortex force centroid
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Sketch 3.4 Location of vortex force centroid

With the distance r known the normal to the upper or lower surface at the centroid determines the line of
action of the vortex force (1 — o)cg which makes an angle 6 with the normal to the section chord line,
see Sketch 3.5. Thelocal force will act on the upper surfaceif o > (g, + ag,)/2 andit will act onthe
lower surfaceif o < (agy + agy)/2.
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free-stream

Sketch 3.5 Definition of 6
33 Drag and Lift Coefficients
3.3.1 Drag coefficient
In Item No. 95025, Equation (3.10) gives the drag coefficient for the planar wing as
Cow = CapyCosa —cC cosAgseco + Cp, tano . (3.4)
Thefirst term represents a resolved viscous axial force component such that

CawvCosa = Cpopnip +AC (3.5

Dvisc

where Cppiy 1S the minimum profile drag coefficient and ACp, ;. is alift-dependent increment.

ESDU Copyright material. For current status contact ESDU.

For acambered and twisted wing, Cpp,,i, (@0 input parameter in the program, see Section 7.3.1) occurs
at a lift coefficient C| ., ad ACp .. IS modelled in terms of a drag factor K ;.. and C .., (see
Appendix B), so that

SC

-2 (o —oag)m
ACDvisc -0 Kvisc a; 180 _CLmin ' (3.6)

where, following the studies made in the development of Item No. 95025, 52 serves as a necessary and
satisfactory empirical mechanismto reduce ACp, ;. astheangle of attack becomeslarge and leading-edge
suctionislost. (Equation (3.11) gives o .)
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The minimum ACp, .. occurs at an angle of attack

C

_ Lmin| 180
Omin = %ot (a—lj — (3.7

The second and third terms on the right hand side of Equation (3.4) are due to the resolved components of
the attained leading-edge suction and the lift coefficient. For the non-planar wing corresponding terms
involve spanwiseintegration of section forcesfor alocal incidence o, = o + ¢, withtheattained suction
force giving rise to a forward-acting chordwise force coefficient oc cosAcose, and alift coefficient
oC,COSAySin(a; — gg) . If Cp - representsthe contribution to Cy from the pressure distribution over a
cambered wing and if the leading-edge vortex is assumed to contribute Cp,,, and the side-edge vortex
Cpsey - thetotal drag coefficient becomes
1

Cow = Copmint ACpyisc — IOG(CSC/E)COSAOCOSSOSECaldn

1 1
+ _[ (¢ic/c)tanaydn +_[ o(cc/c)cosAysin(a; —gp)tana, dn
0 0
+ CDC+ C

+C (3.8)

Dlev Dsev *

InEquation (3.8) ¢,c/c isthelocal lift distribution dueto incidence, camber and twist, which can bewritten

C cc sinoclcoszogI
]c ’ (—E—L “(oy7/180) (3.9)

wherethe spanwi_se load grading dueto incidence, (c,c/ CLE) o » and theloadings due to camber, (c,c/ c) C
and twist, (c/c/c), can be obtained from the Multhopp-Richardson lifting-surface program of Item
No. 95010 (Derivation 9) or the graphical method of Item No. 83040 (Derivation 4). Comparisons with
experimental data show that at high angles of attack the factor sino, cos“a, /(me/180) that isintroduced
on the right-hand side of Equation (3.9) provides an improved modelling of lift distribution for use in
Equation (3.8) compared to the assumption of alinear variation with incidence’.

ESDU Copyright material. For current status contact ESDU.
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As described in Derivation 20 and Reference 43, the drag term Cp~ arises from summation of the local
axial force coefficients, C ¢ bresent asa result of the pressure distribution on a cambered surface.

It is estimated as
1 1 .1
CDC = J- Cac(ch)cosaldn = J. J. {—(dcc/di)Adei}(C/C)COS()L'dT], (3.10)
0 0°0

where AC, . is the static pressure coefficient increment across a thin cambered section, which in the
programmed version of the method is evaluated using the vortex lattice model of Derivation 14. Within the
program, ¢, isevaluated asin Reference 43, with AC divided into two components, AC, ; which arises
from the flat plate pressure distribution due to angle of attack and AC , which arises from the pressure
distribution dueto camber only (o = o, ) , See Sketch 3.6a. Thevortex latticemodel provides coefficient
increments which are constant in each lattice cell. Following an approach similar to that of Reference 43,
in order to evaluate Equation (3.10) chordwise distributions of ACpl and ACID2 are assumed across each

" Theuseof o — ay inplaceof o, in Equation (3.9) produces similar resultsin most cases but with abias towards under prediction of Cpy .
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cell, see Sketch 3.6b, with the scaling constants K, and K, determined so that the integrated values are
equal to (ACIO )VL AE or (AC A&, where (ACIO )VL and (AC 2) are the vortex lattice values
over the cell of length Ag. The vaYu% of AC , and AC o aany g are tlhen associated with the local
camber-line slopefor the integration. Upper and Iower surface section co-ordinates are used asinput to the
program, see Section 7, and the user should ensure that these provide a camber line that is not irregular,
particularly near the leading edge, so that the integral in Equation (3.10) is not subject to avoidable error.

With full leading-edge suction, the sum of the third to sixth terms of Equation (3.8) represents the trailing
vortex drag. There is some difficulty in a precise numerical evaluation of the sum because it contains drag
and suction contributions of opposite sign, with some individual magnitudes in excess of the total sum.
Thisiscompounded by particular difficultiesinthenumerical evaluation of Cp~ . Theeffectisthat although
the sum of the terms behaves as the expected parabola, the displacement in C, and C, of the minimum
away from C = 0 a C_ = 0, whichisto be expected for atwisted wing, is not predlcted as accurately
as would be expected from direct calculation, using the full-potential method of Item No. 06016
(Reference 46) for example. Consequently, the program input file requires the user to enter values ACpy,,,
and AC, ,, to position the minimum of the trailing-vortex drag polar, see Section 7.3.9. Calculation inside
the program then bodily shifts the trailing-vortex drag polar so that its minimum occurs at Cpy = ACp,,
and C; = AC,, - Onanempirica basis, the shiftinthe C; polar valuesisfactored by ¢ and so decreases
steadily when there is, eventually, a progressive loss of Ieadmg edge suction as C, rises in magnitude.
Valuesof ACp,,, and AC, ,,,, which depend on Mach number, wing planform and wing twist distribution,
can be estimated for the general case by using the program associated with Item No. 06016 (Reference 46).
For simple linear twist, References 44 and 45 give hand calculation methods. The latter aso covers
linear-lofted twist. Item No. 10022 (Reference 47) is a hand calculation method based on that of Item
No. 06016. To obtain best predictions for awing that is twisted, estimates of AC,,, and AC, ,,, should
awaysbe made. For an untwisted wing ACp,,, = AC,,,, = 0 aretheappropriate values and these may al'so
suffice for awing of limited twist (< 2° say), if estimates are unavailable.

The contributions Cp, oV and Cpsey € discussed in Section 3.4.

ESDU Copyright material. For current status contact ESDU.

Total loading
'IEACp
T
Incidence loading i y:
m AC
ACpl £—>0 ( a)\(lzve}rrr]]énered
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r Camber loading (o = o)
ACp2
] ~~—_/
| J
0 g 1

Sketch 3.6a Breakdown of ACp into camber and incidence loadings
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where C, ~ and C, 1, thelift contributions due to camber and twist, can be obtained from the program of
Item No. 95010 or Item No. 83040. The lift-curve slope, a;, can be obtained from Item No. 70011
(Derivation 1) but the same value is also provided by Item No. 95010. Again, the programmed method
calculates oy internaly, running the program of Item No. 95010 automatically.

In Item No. 95025, Equation (3.66) gives the lift coefficient for the planar wing as

\ (ACpl)VL T _ _
/ Over cell, ACp1 =K, /E — 1 with Ky determined
ACpl Ay T
S~oo so that (ACpl)VLAé =K, I E —1d§
\\\\ cell
\\\
0 LA | & 1
cell
(Aipz)w_
S o // ————— e Over cell, AC ,, = K, VE(L ~ &) with K, determined
2 4 \

= s \ s0 that (AC ), A& = K, | VE(L—€) d&
f / \\ P cell
5} / 1
2 A
S 0 S| ¢ 1
O cell
5
© Sketch 3.6b Variation of ACp; ., AC,, over cell
2
g 3.3.2 Lift coefficient
>
(S)
5 The angle of attack for zero lift may be found from
L
,f_g ag = «(C o+ C pi(ayn/180), (3.12)
(O]
©
S
<
.0
s
Q.
o)
O
)
a
(%]
Ll

_ : 2 - :
CLw = @sinacos o +cCgcosAgsina + C o, + Cp ooy (312

where C |, and C, ., are the contributions from the leading-edge and side-edge vortices respectively,
see Section 3.4, and asmall contribution from the axial viscous force has been neglected.

For the non-planar wing

CLw = a;8n(a —ag)cos?(a — o)
1
+ I o(c.c/c)cosAysin(oy —gg)dn + Cp, + C
0

(3.13)

Lsev *

The first term in Equations (3.12) and (3.13) follows the representation by Polhamus (Derivation 11) of
the potential lift term in the absence of |eading-edge suction.
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3.3.2.1 Modification of lift-curve slope
The program input file allows the entry of a factor K., which directly multiplies the value of lift-curve
slope calculated from Item No. 70011. Values greater or smaller than the default setting of K| = 1 allow
the user to match predicted lift curves to known experimental data, see Section 7.3.7.

34 Contributions from L eading-edge Vortex and Side-edge Vortex

The position and orientation of the leading-edge vortex force associated with unattained |leading-edge
suction have been discussed in Section 3.2. Local axial and normal force coefficients are

-(1-0)csnb (3.19)
+ (1 -o0) c cosd (3.15)

and c

withthe signin Equation (3.15) to match thesign of o — (ag; + a.,)/2. Resolution of the section forces
giveslocal contributionsto drag and lift.

For a planar wing there is al'so an augmentation of the wing normal force due to the leading-edge vortex
passing downstream over an aft part of the wing planform. For anon-planar wing thisis expressed through
the drag and lift augmentation coefficients,
l p—
Coag = j + (1 - o)(c,c/c)(I/s)cosAysina, dn (3.16)
0
1
and Clag = j + (1 - o)(cs/c)(I/s)cosAycosa, dn (3.17)
0

with the sign in Equations (3.16) and (3.17) to match the sign of o —(oigy +aug,) / 2.

The characteristic length | , that appearsin Equations (3.16) and (3.17) isthe streamwise distance from the
leading-edge tip to the trailing-edge apex, see Sketches 3.7aand 3.7b; notethat | . isnegativein theformer
sketch.

ESDU Copyright material. For current status contact ESDU.

|
\
a) |, negative b) I, positive

Sketch 3.7 Illustration of length |,
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| 4
= = ———— —tanA, . (3.18)

In generd, A(1+k)_

Further discussion of IC is contained in I1tem No. 95025 and Derivations 15 and 16.

Theeffects of theleading-edge vortex areonly partially realised if the vortex migrates past thewing trailing
edge or the vortex breaks down ahead of the wing trailing edge and this is modelled through afactor F, g
which was developed from a correlation for sharp-edged delta wings shown in Reference 41. See also the
discussion in Appendix C.

The generalised extension of F,,zto non-planar wings of any planform is tentative and so warrants a
treatment only intermsof overall wing characteristicsasreflected throughthevariation of o withincidence.
Figure 1 shows F,,5 asafunction of leading-edge sweep and an effective incidence o, ,g , where

Opyg = |a—og| for a<og, (3.19)
and apyg = 0 for oy <a<ag . (3.21)

With F, 5 introduced, Equations (3.14) to (3.17) are used to derive the values of Cp,,, and C |, as

ESDU Copyright material. For current status contact ESDU.

L - g .
Colev = FVBJ [(cye/C/C)COSQY + (Co,C/C)SiNa, ]dn + FVBCDaug (3.22)
0
+ - - .
and Cllev = FVBI [(Cre,C/ C) COSQ = (Cyg,C/ C)SiNay]dn + FypC 4, - (3.23)
0
Hence
1 B 1 _
Coler = Fug {IO—(l - c)(csc/c)sine cosa,dn + '[o +(1- cs)(csc/c)cosesinocldn
1 —
+.[04_r(1 —o)(csclc)(l/s)cosAysina, dn }
1 —
= I:VB {_[0(1 - G)(CSC/C){ Sin(iOH -0) =+ (IC/S) COSAoSinOH }dn } (3.24)
and
1 _ 1 _
Cliv = FVB{.[Oi(l — o)(cgc/c)cosBcosa, dn + '[o(l —o)(c,c/c)sinbsing, dn
1 -_
+'[0i(1 —o)(cgc/c)(l /s)cosAycosa,dn }
1 _
= FVB{IO(l —o)(ce/le){teos(ta; —0) = (I /s) cosAocos(xl}dn} . (3.25)
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The side-edge vortex normal force is given for a planar wing in Item No. 95025 as

0.75

Cy = F{E?‘RJ srfa (3.26)

where F, isgivenin Figure 2 asafunction of BA and Ab .

For anon-planar wing thetip incidenceisinserted in place of a. and the resolved drag and lift contributions

are
0.75
Cpeey = iFt[B%J sn’(a +¢,) (dwayspositive) (3.27)
and
0.75
Cle = iFt(BLAJ Sir? (o + £,) COS(at + &) (3.28)

with the signsin Equations (3.27) and (3.28) matching the sign of o + ¢, .
3.4.1 Modification of contributions

Theimprovement in the prediction of drag polars by theinclusion of the leading-edge vortex and side-edge -
vortex contributions has been establishedin many studiesfollowing Derivations 11 and 13, perhapsreported -
more often for the former than the | atter. However, the programinput file allows the user to enter thefactors
Koy @nd K, toweaken or removetheir respective contributions, independently, by setting pairs of values
below the recommended default settingsof K|, = 1 and K, = 1, seesection 7.3.8. Thefactorsmultiply -
thelift and drag contributions directly so that values of zero will remove their effect completely.

ESDU Copyright material. For current status contact ESDU.
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4, WING-BODY COMBINATION

The presence of a body requires that the lift and drag calculated for an isolated wing be corrected for a
number of effects.

Firstly there are the direct contributions of the body to drag and lift. Asin Item No. 95025 these are
approached through the body normal force and axial force.

The body normal force coefficient, based on the datain Item Nos 87033 and 89014 (Derivations 5 and 6)
for forebody-cylinder combinations with or without conical boat-tailsis

Cng = Creo(Sg/Sy)sin(a + ag)cos(a + apg)
+ CNBC(Sp/SW) + AC\g(S5/Sy) (4.2)

where the first two terms come from Item No. 89014 and the boat-tail term isfrom Item No. 87033.
For present purposes, for angles of attack up to 30°it is sufficient to take

5.376M

Cnpe = 2+ 0.001386€ , (4.2)
and, for M > 0.5,
Cnge = 058sin’(a + ag) + p[(a + ag — 17.5)/12.5][0.02 + 0.008265¢> > ~ %% (4.3)
with Cy g taking thesign of a.+ag, andwherep = 1if (a+ag) > 17.5°
and p = O otherwise. The values of C\ gz~ @ M = 0.5 holdfor 0<M<0.5.

2
. Db . 06 .
Finaly, AC\g = —2|1- D [1-sin™"(a + ag)]sin(a + ag)cos(a + ag)
-5 1—3 sin(a + ag)|sin(a + ag)| . (4.9

ESDU Copyright material. For current status contact ESDU.

Within the program the cross-flow normal force coefficient Cyg, as plotted in Figure 3, is stored in
digitised form for greater accuracy than that provided by Equation (4.3).

The body axial force coefficient, C,g , will typicaly take theform C ABocosz(a +ag) Where C, g, isthe
value when (o +apg) = 0. The value of C,p, may be estimated using Item Nos 68020, 76033, 77020,
78019, 78041, 80021 and 96012 (References 32 to 39) for example, or an experimental value may be used.
No allowance is made for the effect of wing-body interference and any axial force arising on a tapering
afterbody at high incidence as aresult of suction dueto trailing forebody vorticesis also neglected.

The direct body contributions to lift and drag are then

Cg = Cygcos(a + ag) —Cpgsin(a + ag) (4.5)
and Cpg = CagCos(a + ag) + Cygsn(a + ag) . (4.6)
Documents
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In Item No. 95025 for the plane wing, on the basis of acceptable agreement with experimental data, the
body contributions are simply added to the gross wing contributions, subject to some modification of the
wing viscous drag terms. The spanwise integrations employed for the cambered and twisted wing facilitate
some further amendment of the gross wing contribution prior to addition. In Equations (3.8) and (3.13) for
Cpw and C,,,, thelocal incidence o istaken as o + ag acrossthe wing-body intercept. To allow for the
loss of suction acrosstheintercept thelower limit of integrationisset at ng instead of zero in thefifth term
of Equation (3.8) for Cp,y, in the second term of Equation (3.13) for Cy, and in the integrals in
Equations (3.24) and (3.25) for Cp,, and C, - The lower limit of zero is retained in the third term of
Equation.(3.8) as aresult of theoretical and empirical studies that showed thisto be essential.

Thefinal allowance to be made concerns the lift-curve slope. In the calculation of ¢,c/c (Equation (3.9)),
aq (Equation (3.11)) and C (Equation (A3.8)) it is preferable to retain use of the gross wing lift-curve
slope because loading and suction distributions are made initially for the gross wing, with subsequent
alowancefor the body as described above. But for C, \,, (Equation (3.13)), thereisadirect use of thewing
lift-curve slope and it is more suitable there to replace a; by an effective lift-curve slope, a, 4, based on
the net wing, which is the normal practice for the low aspect ratio wings. Therefore the lift-curve slope,
a, ) » iscaculated for the net wing which has aspect ratio

(L+2)(L-np)A

AN - 1_(1_k)nB+}L 4.7

and taper ratio

»
hy = , 4.8
N [1-(1-2)ng] “9)

the wing sweep being unaltered.

Thisisthen multiplied by (1+n B)2 to apply slender-body interference factors and is corrected to the gross
wing reference area, so that

Qgr = AN (1+ nB)ZSN/S\N (4.9

ESDU Copyright material. For current status contact ESDU.

where

Sy (I=-mp)(1-(1-Mng+2)

— 4.1
With the modifications above, Equation (3.8) for the wing drag coefficient becomes
CDW = CDPmin + ACDvisc(SN/SVV)
1 1
- J' o(cg/c)cosA,coseqseca, dn +J' (c,c/c)tano, dn
0 0
1
+j o(cgc/c)cosAysin(a,—gg) tana,dn
ur:
+ Cpet CDlev + Cphey- (4.12)
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In Equation (4.11), following the treatment in Item No. 95025, the value of Cpp,,i, iSto be estimated as
the minimum profile drag of the wing outboard of the body but based onthe grosswing area §,;; ACp,isc
is caculated from Equation (3.6) and is corrected, as shown, by the arearatio §/S, to form a vaue
appropriate to the wing outboard of the body.

For the wing lift coefficient, Equation (3.13) becomes

- ; 2
Clw = a1gSn(a —ag)cos™(a —ag)

1
+ I o(cc/c)cosAysin(o, —gg)dn + C |, + C
Mg

(4.12)

Lsev

These contributions to wing drag and lift are added to the body contributions to form the wing-body lift
and drag coefficients

Co = Cow*Cps (4.13)
and
CL = Cw*Crp: (4.14)

Thefactor K, which is entered in the program input file adjusts the lift-curve slope in C, |, in the way
described in Section 3.3.2.1. See Section 7.3.7.
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5. ACCURACY AND APPLICABILITY
51 Accuracy

Predictions of the method have been compared with experimental data from Derivations 25 to 31.
Sketches 5.1 to 5.8 illustrate results for a number of the configurations examined. At the top left and top
right of each sketch, respectively, the camber and the twist distributions are shown. At bottom left the drag
polar of C against C, isshown and at bottom right the lift curve of C, against o is displayed.

Sketch 5.1 shows results for a deltawing of aspect ratio 4 with camber and twist distributions designed to
achieve atrapezoidal distribution of spanwise loading. Sketch 5.2 shows results for a deltawing of aspect
ratio 2 with the same camber and twist distributions. Sketch 5.3 shows a second deltawing of aspect ratio
2 with camber and twist distributions designed to achieve an elliptical spanwise loading. In each case the
prediction of C and C, isgood.

Sketch 5.4 shows an aspect ratio 2.5 swept wing with a taper ratio 0.4, where again the design spanwise
loading is elliptical. The prediction of the drag polar is good until there are noticeable inaccuracies in the
prediction of C, .

Sketch 5.5 shows an aspect ratio 6 swept wing of taper ratio 0.4 with a constant camber distribution but
without twist. Again the prediction of the drag polar is good until the prediction of C, isat fault.

Sketch 5.6 shows results for aconically-cambered, slightly-cropped deltawing of aspect ratio 2.3; herethe
predicted lift coefficient falls below the experimental value at high C; with a consequence that Cp, is
over-predicted in that region.

Sketch 5.7 showsresultsfor astrai ght-tapered wing of aspect ratio 3 with conical camber and aleading-edge
sweep of 45°. Once more the prediction is good whilst the C, prediction remains satisfactory.

A fina illustration is provided in Sketch 5.8, which compares results for an aspect ratio 2.8 wing with a
leading-edge sweep of 50° and ataper ratio of 0.2. Good results are obtained for both a planar wing and a
non-planar wing, with camber and twist distributionswhich give, at aMach number of 0.5, alift coefficient
decrement of about 0.065 at constant o .

From the above and other comparisonsit is concluded that there is usually a reasonable prediction of drag
polarsupto C; = 0.7 providedthat C, ispredicted accurately. Sketch 5.9aillustratesthe overall accuracy
of prediction for non-planar wings by plotting the difference between predicted and experimental values
of Cp against C; for C;, = 0.3,0.5 and 0.7. Generally the errorsin C are only slightly worse than
0.01C, inmagnitudefor 0.3<C| <0.7, the same accuracy level that was achieved for planar wingsusing
the method of Item No. 95025, see Sketch 5.9b reproduced from that Item. Application of the method of
this Item to the planar-wing data base produces very similar results to those in Sketch 5.9b.

ESDU Copyright material. For current status contact ESDU.

The model predictions of the individual drag contributions from C,~ and the suction terms were also
checked against the theoretical thin-aerofoil and lifting-line predictionsfor an elliptically loaded wing with
chordwise-symmetric parabolic camber in Reference 42 in order to examine their relative contributions.
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5.2 Applicability

Table 5.1 shows the ranges of parameters covered in the data base of experimental results for non-planar
wings. Some of the ranges are more restricted than those for planar wingsin Item No. 95025. Thisis due
to the smaller number of experimental data available, but the method is expected to apply in the parameter
ranges for which good results have been obtained for planar wings, which are given in Table 5.2 and may
be used to extend those of Table 5.1. The method makes use of the ‘ equivalent wing' concept when applied
to wings that are not straight-tapered but it should not be applied in cases where the wing leading-edge or
trailing-edge sweep angles change by more than 20° at a crank.

Note also that when establishing the database for predicting attainable suction the work in Derivation 24
included theoretical studies for a wide range of leading-edge radi us index, O<r; 6§ 1.2, supported by
experimental aerofoil section data for arange of Reynolds number 10" <R<30x 10" . This suggests that
the method can be used with confidence for normal-section parameters r;,, and R, within those ranges.

The method was aimed at application to configurations with wings of low to moderate aspect ratio, A< 6
say, and thin section where thereis asignificant loss of |eading-edge suction from low to moderate values
of lift coefficient. It isnot primarily intended for application to high aspect ratio cambered wings of thicker
section designed to develop ailmost all of the theoretical leading-edge suction over a wide range of lift
coefficient, although acceptable results have been obtained. For wingswith A,, <45° and 0.1<t/c<0.2,
ESDU 07002 (Reference 40) provides a prediction method for wing profile drag in such cases, which is
suitable for hand cal cul ation, and this may be combined with atraditional trailing-vortex drag contribution
to form the total drag coefficient. Iltem No. 88030 (Reference 38) may be used to make an initial estimate
of the range of linear characteristics for a cambered and twisted wing, within which the method of
ESDU 07002 will apply.

For wings with highly-swept leading edges that lead to the generation of vortex lift the point of action of
the centroid of that force, and henceits orientation, 6 , as determined by the local surface slope of thewing,
see Sketch 3.5, can significantly affect the drag polar. The point of action of the vortex lift is modelled
through Equation (3.3) which has proved satisfactory for the database studied. Ignoring the vortex lift
orientation can lead to poor predictions in some cases, as illustrated in Sketch 5.10 which compares the
prediction for the configuration of Sketch 5.3 with that which would result if the vortex lift was assumed
awaysto act normal to thelocal chord line (6 = 0). See also the commentsin Appendix C on the effects
of vortex migration and vortex breakdown ahead of the wing trailing edge.

ESDU Copyright material. For current status contact ESDU.

Asexplained in Section 3.2 of Item No. 95025, the limiting pressure coefficient, Cplim , playsacrucial role
in determining the accuracy of prediction of the drag polar. The correlation established in Derivation 24
was achieved by fitting a lower bound (as opposed to a mean line) to a database of limiting pressure
coefficientsinferred from experimental axial force dataon aerofoil sections. Thisbound would correspond
to the maximum possible attainable suction and Derivation 24 advises that predictions which use the fit
tend to represent idealised conditions, i.e. smooth surfaces and stable uniform flow with little turbulence
ahead of thewing. The programmed version of the method has provision for thelimiting pressure parameter,
F(= =y C,im) to be decreased by the use of afactor K _ setin the input file, see Section 7.3.6. A value
of unity will produce the lowest Cp, at agiven C, . A lower valueof K, perhaps aslow as 0.5, might be
needed in the interpretation of some experimental data (where it is available), as part of an investigation
into minor configuration alterations. This could allow calibration of the changesin the predicted drag polar
against the effects of a reduction in attained suction caused perhaps by boundary-layer transition at low
Reynolds number or Mach number. Sketch 5.11 showstheimprovement in prediction that can be achieved,
using as an example datafrom Derivation 26 for aplanewing. In general, it may always be advisable for
the user to investigate some small change ( ~10%) in K ; to test the sensitivity of the drag polar to the
attainable suction model.

This page Amendment E Documents

23 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 96025 F 2010


http://www.avadocuments.com/doc/esdu-96025-f-2010
http://www.avadocuments.com/doc/esdu-96025-f-2010

ESDU 96025

The programmed version of the method also provides for the inclusion of afactor K¢ inthe input file,
see Section 7.3.7. This factor multiples the lift-curve slopes a; and a, 4 that are calculated within the
program and provides a mechanism whereby the user may match the predicted lift characteristics at low
o to known experimental data, if they are available.

Similarly, factors K|, and K, may be entered via the input file to weaken or remove the lift and drag
contributions of leading-edge and side-edge vortices and so investigate their influence, see Section 7.3.8.

TABLE 5.1
2<A<6 017 < M < 06 0.085 < M, < 0.45
-]
= 38° < Ay < 64° 1.6x10° < R < 8x10° 05x10° < R, < 8x10°
[NN]
g 0<)<04 0.03 < t/c < 0.08 0.06 <t /c, < 0.11
C
S _12°< g < 2° 0.0006 < plc < 0.006 0.005 < p,/c, < 0.013
3
5 20°< £y < 0 0.27 <1, < 0.32 027 <, < 036
(%))
T
=
2
o
L
©
]
©
£
% TABLE 5.2
g 17<A<6 005 < M < 06 0.035 < M, < 0.45
(@)
2 0< Ay < 64° 12x10° < R < 14x10° 05x10° < R, < 7x10°
v
s 0<r<1 0.03 < t/c < 0.10 0.03 < t /c. < 0.19

0.0005 < p/c < 0.0076

0.15 < r, < 0.90

n-n—

0.001 < p,/c, < 0.055

015 <r;, < 047

n -
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